The need for clean and low-cost algae production demands for investigations on algal physiological response under different growth conditions. In this research, we investigated the growth, biomass production and biochemical composition of Chlorella vulgaris using semi-continuous cultures employing three growth media (LC Oligo, Chu 10 and WC media). The highest cell density was obtained in LC Oligo, while the lowest in Chu medium. Chlorophyll a, carbohydrate and protein concentrations and yield were highest in Chu and LC Oligo media. Lipid class analysis showed that hydrocarbons (HC), sterol esthers (SE), free fatty acids (FFA), aliphatic alcohols (ALC), acetone mobile polar lipids (AMPL) and phospholipids (PL) concentrations and yields were highest in the Chu medium. Triglyceride (TAG) and sterol (ST) concentrations were highest in the LC Oligo medium. The results suggested that for cost effective cultivation, LC Oligo medium is the best choice among those studied, as it saved the cost of buying vitamins and EDTA associated with the other growth media, while at the same time resulted in the best growth performance and biomass production.
INTRODUCTION
The understanding of microalgal ecophysiology is important for the understanding of phytoplankton fate in natural ecosystems, but also for optimizing the production of microalgal biomass in large scales with applications in aquaculture, bioenergy and cosmetic industry, among others. One of the first applications of microalgal biomass has been in aquaculture (Milledge 2011) . It is known that the use of microalgae by fish larvae enhances their reproduction, giving the animals better immune system and health (Spolaore et al. 2006) . Similarly, the substitution of artificial enrichment to rotifers by microalgae, a natural diet, has proved to give good results in productions systems (Whyte et al. 1994 , Ferreira et al. 2009 ). Gouveia et al. (2002) showed that Chlorella vulgaris can be used for the pigmentation of the gilthead seabream (Sparus aurata).
However, in recent years microalgal studies have gained more attention. The use of Haematococcus pluvialis for commercial productions of astaxanthin is already a reality, and encapsulated dried biomass of C. vulgaris and Spirulina platensis as neutraceuticals are commercialized. All these applications can benefit from physiological investigations on microalgae, aiming at defined biochemical composition.
Although there are several large scale production systems for microalgae, their production is subject to high cost problems, and several approaches have been proposed for costs reduction, such as industrial/sewage effluent. However, if microalgal use is directed to the food, pharmaceutical or cosmetic industry, there is the need for keeping the microorganisms under clean conditions, free of environmental contaminants. Clearly, for such industries, effluents cannot be used to grow microalgae because they will accumulate contaminants, meaning that there is the need for culture medium selections.
It is known that microalgae respond with physiological alterations to the environmental conditions where they grow (Valenzuela-Espinoza et al. 2002 , Scragg et al. 2002 . This behavior can be viewed as a biotechnological attribute that can be manipulated in order to control the algae biochemical composition and growth, focusing on specific compounds and higher productivity. Therefore, the selection of cheap and promising media to improve microalgae production yield is of great interest. Harrison and Berges (2005) proposed that three main experimental categories, culture maintenance, algal biomass yield and physiological/growth experiments are a good way to search for ideal production conditions. Growth rates give a general index of algal health status and physiological condition in the cultures, since it reflects algal metabolism, as a response to all of its cellular cycles (Lombardi and Maldonado 2011) . From this rationale, it is clear that batch cultures can offer adequate growth conditions for microalgae only during a short period of time, after which cell metabolism begins to collapse and photosynthesis is reduced (Lombardi and Maldonado 2011) .
Several culture systems have been put forward as alternatives to the batch cultures for microalgae biomass production and physiological investigations (Ferreira et al. 2009 ). Continuous and semi-continuous cultures have gained attention because they not only provide a constant source of microalgal biomass, but also permit precise manipulation of their biochemical composition (Parrish and Wangersky 1987 , Lombardi and Wangersky 1991 , Ferreira et al. 2009 ). In the present research, we used semi-continuous cultures that provide steady-state growth conditions to investigate the biochemical composition (protein, lipids and carbohydrates) of Chlorella vulgaris. Iatroscan TLC-FID was used for lipid class analysis of the biomass kept in different growth media. The results showed that different culture media lead to different biochemical composition (lipids, proteins and carbohydrates) and growth yield in C. vulgaris sampled in healthy growth situations for all culture media tested.
MATERIALS AND METHODS

CULTURES
The Chlorella vulgaris strain used was kindly provided by Prof. Dr. Armando A. H. Vieira from the freshwater microalgae culture collection of the Botany Department, Universidade Federal de São Carlos (UFSCar), Brazil. In the laboratory, it was cultured in three different growth media: half-strength Chu 10 (Chu) (Nalewajko and O'Mahony 1989), WC medium (WC) (Guillard and Lorenzen 1972) , and LC Oligo medium (LC Oligo) (AFNOR 1980 ) (t2−t1)
T vol
Note: ABS = absorbance, t = time, T vol = total volume and R vol = removed/replaced volume. Cell densities were determined through cell counts under optical microscope using an improved bright lined Neubauer haemocytometer. Algal dry weight was determined gravimetrically with the aid of a Sartorius MC21S analytical balance (Precision Weighing Balances, Bradford, MA), using 0.45 µm pore size cellulose acetate membrane filters (Millipore, Brazil) dried at 60°C for 24 h.
Biomolecule yield (Qv) was obtained from the product of concentration per cell at the moment of sampling and the specific growth rate (µ).
Qv = µX (3)
Where X is the biomolecule concentration in pg cell -1 and µ is the specific growth rate per day.
All reagents used in the experiments were of analytical grade and better. The experiments were performed in three replicates. Growth media pH was adjusted to pH 7 before being sterilized by autoclaving at 121°C for 20 min. All plastic and glassware used for the experiments were washed with neutral detergent and rinsed with distilled and deionized water. Further, they were left for 7 days in 10% HCl. All laboratory materials were rinsed with bi-distilled and ultrapure water (18.2mΩ-cm, EasyPure II, Thermo Scientific, USA) before use.
ANALyTICAL METHODS
The extraction and analysis of chlorophyll a were done according to the procedure of Shoaf and Lium (1976) , and quantification was done with the equation of Jeffrey and Humphrey (1975) .
Samples for protein and carbohydrate analysis were centrifuged at 1,500 rpm for 10 min. The pellet was kept at -20°C until analysis. Intracellular carbohydrates were determined using the modified phenol-sulfuric acid method (Liu et al. 1973 ) with glucose as standard. Total intracellular protein was determined according to the procedure of Bradford (1976) using bovine serum albumin (BSA) as standard; protein extraction followed the protocol of Rausch (1981) .
Lipids were extracted according to the modified method of Folch as described in Parrish (1999) , which uses dichloromethane:methanol:water (2:1:0.75). Samples (50 mL) were filtered through GF/C filters that were previously kept in a muffle furnace at 400°C overnight. Immediately after filtration samples were spiked with a known concentration of an internal standard (Hexadecan-3-one, Sigma Aldrich). The filter was then sonicated for 2 minutes and centrifuged. Altogether, the supernatants were concentrated under N 2 to a final volume of approximately 20 µL and spotted on silica gel-coated quartz rods (Chromarods-SIII). On every extraction day, procedural blanks were performed on baked filters using ultrapure water.
Lipid class analysis was performed using an Iatroscan TLC-FID MK6S system according to Parrish (1999) . Peak identification was done through calibration curves made with 9 lipid standards: n-nonadecane (aliphatic hydrocarbon, HC), cholesteryl palmitate (wax esters/steryl ester, WE/SE), n-hexdecan-3-one (ketone, KET), glyceryl tripalmitate (triglyceride, TAG), palmitic acid (free fatty acids, FFA), 1-hexadecanol (free aliphatic alcohol, ALC), cholesterol (free sterol, ST), 1-monopalmitoyl-rac-glycerol (acetone mobile phase lipids, AMPL) and 1,2, di-0-hexadecyl-snglycerol-3-phosphatidylcholine (phospholipids, PL). All lipid standards were obtained from SigmaAldrich (USA). Total lipid concentration in each extract was calculated by adding the concentrations of the different lipid classes. On each day of analysis, one rod chosen at random was used to develop a composite lipid standard, hence obtaining the retention values for each lipid class under daily conditions. All analyses were done with three replicates. Iatroscan settings were: hydrogen flow of 173 mL.min -1 , air flow 2 L.min -1 and scan speed of 4 mm.s -1 . All GF/C filters, glasswares, and metal materials that came into contact with the samples were previously baked overnight at 400°C; Teflon ® and glass materials were rinsed with acetone and then dichloromethane immediately before use to reduce contaminations. All reagents were of chromatographic (HPLC) grade.
CONCENTRATIONS OF FREE IONS
As culture media composition varies, with some including the addition of synthetic ligands while others do not, it is expected that variation in nutrients availability especially trace metals will occur. To be able to evaluate this effect as a possible cause of variation in algal metabolic response, we used the chemical equilibrium software MINEQL + version 4.62.3 to calculate the free ions concentrations of copper (Cu), zinc (Zn) and iron (Fe), which are important trace elements for algae metabolism.
DATA ANALySIS
One way analysis of variance (ANOVA) with Tukey's HSD post hoc test were used to test for significant differences among the growth parameters, biomass production and biochemical composition obtained through the different culture media. Relationship between the measured parameters was established using principal component analysis (PCA). Principal component analysis was done using the PAST version 2.09 for windows statistical software, while ANOVA was done using SPSS version 17 for windows.
RESULTS
The MINEQL + chemical equilibrium calculations
for Cu, Fe and Zn showed that the lowest free and labile Cu concentrations were present in the WC medium, which can be expected due to the presence of the synthetic organic ligand, EDTA. In general, our results showed that for the speciation of Cu, Zn and Fe, LC Oligo had the highest values, while WC the lowest and Chu 10 medium presented intermediate concentrations of both labile and free metal ions (Table I) . Biomass results are shown in Fig. 1 . The highest algal growth (Fig. 1a) and cell density (Fig. 1b) Dry weight production and yield (pg.cell-1) were highest in the LC Oligo medium and lowest in the WC medium (Fig. 1c) . Chlorophyll a production and yield were highest in the Chu medium and lowest in the WC medium (Fig. 1d) . Total intracellular proteins, carbohydrates and lipids results are shown in Fig. 2 . The lowest protein, carbohydrate and lipid concentrations and yields were obtained in C. vulgaris grown the LC Oligo medium, while the highest was found in the Chu medium. Lipid class composition analysis showed that HC, SE, FFA, ALC, AMPL and PL concentrations and yields were highest in the Chu medium, while the lowest value was recorded in the WC medium (Fig.  3) . Lipid class composition and total lipid production did not significantly (P < 0.05) differ between the LC Oligo medium and Chu 10 medium. MATHIAS A. CHIA, ANA T. LOMBARDI and MARIA DA GRAÇA G. MELÃO Principal component analysis showed that the first two components accounted for 68% of the total variation observed in the PCA (Fig. 4) . Phosphorus and nitrogen concentrations were positively correlated with SE, TAG, FFA, ALC, and ST concentrations. In addition, P was significantly (p < 0.05) associated with Cell density, an important biomass parameter varied significantly from medium to medium with LC Oligo having almost twice (2.74 x 10 6 cells. ), which are higher than those obtained by Bertoldi et al. (2008) . These authors obtained a maximum chlorophyll a production for C. vulgaris grown in the BBM medium of 2.8 x 10 -13 g.cell -1 .
The highest dry weight (16.82 pg.cell -1 ) concentration achieved using LC Oligo medium can be due to its composition, as this medium had the highest N and P concentrations. Similar to our study, Chinnasamy et al. (2009) protein content (dry weight) was obtained. Our results for protein content in Chu and WC media are about twice higher than those reported by Illman et al. (2000), who showed 29% (dry weight) protein production by C. vulgaris in Watanabe medium. The highest carbohydrates production by C. vulgaris in the present conditions was obtained in the LC Oligo cultures (7.36 µg.mL -1 ). Our results are similar to those reported in Habib et al. (2003) . These authors showed a carbohydrate production of 30.8 g per 100 g of C. vulgaris grown in an NPK fertilizer enriched culture medium, while (2000) reported carbohydrate concentrations of up to 50% for C. vulgaris in Watanabe medium, which is higher than the highest value of 37% we obtained for the same alga in WC medium. The findings of our study showed that with semi-continuous grown cells, once appropriate culture conditions are used, high productivity can be sustained for long periods and the microalgal biomass so obtained will show constant biochemical composition that can be further controlled by manipulating environmental/ culture parameters in order to increase its nutritive value (Ferreira et al. 2009 ).
In relation to lipid production, not all lipid classes were affected by the culture medium used. Aliphatic hydrocarbons (HC), free fatty acids (FFA), free aliphatic alcohols (ALC) and sterol esters (SE) were within 5% of the total lipid production. This percent value is within the normal range expected for most microalgae under healthy growth conditions independent of the culture medium (Hu 2004 , US DOE 2010 , Scarsella et al. 2010 ). According to Lombardi and Wangersky (1991) , high values of FFA, greater than 5%, are probably the result of the action of lipases freed during sample preparation, and should be interpreted with caution.
In the present experiments, structural lipids, such as the AMPL and PL classes dominated the percent lipid composition in C. vulgaris independent of the culture medium used. Polar lipids (AMPL and PL) production of C. vulgaris under autotrophic and healthy growth are usually above 90% of the total lipids, while under heterotrophic and healthy growth the value is around 37% (Hu et al. 2008 , Scarsella et al. 2010 . These findings show that with autotrophic and semi-continuously grown C. vulgaris, high contribution of the polar lipids classes AMPL and PL are obtained. This is important for aquaculture when polar lipids contribute to the production of PUFAs through esterification in the polar lipids (Meireles et al. 2003) ; PUFAs are known as effective growth promoters in aquaculture (Ferreira et al. 2009 , Hill et al. 2011 . AMPL is a polar lipid class that may contain 35-50% chlorophyll (Parrish and Wangersky 1987 , Lombardi and Wangersky 1991 , 1995 , Illija et al. 2009 ). This in fact explains the significant correlation of chlorophyll a with the AMPL lipid class.
TAG lipid class in the present research was kept relatively low, within 2% of the total lipids, denoting cultures were healthy despite the differences in media composition. According to Lombardi and Wangersky (1991) , TAG content can be a better guide to the physiological state of phytoplankton cells than is the C:N:P ratio, and any TAG content higher than 15% of the total lipids imply nutrient stress. The negative relationship between TAG and PL reflects the physio logical route towards structural lipid synthesis that occurs under nutrient replete conditions, confirmed by the increase in biomass in these situations. This agrees with the results of Rodolfi et al. (2008) and Griffith and Harrison (2009) which shows that under nutrient replete conditions, the precursors involved in TAG and PL synthesis are channeled towards the production of PL, needed for cell membranes.
Total lipid production varied among the culture media tested in this research, being lowest in WC grown C. vulgaris, suggesting that cells were under healthy growth conditions. Literature data show that total lipid production can be affected by N:P ratios in culture media, which for the ones used here were Chu 10:1; LC Oligo 10:1; WC 100:1. This phenomenon is well demonstrated in Wikfors (1986) who showed an increase in total lipid production in Dunaliella tertiolecta at N:P ratios of ~15:1, but not at 30:1, thereby confirming the importance of media characteristics on the biochemical composition of phytoplankton with implications for their nutritional value (Griffith and Harrison 2009, Pittman et al. 2011) .
We found that the percent total lipid yield was highest in the Chu medium, producing approximately 10.7 g lipids per 100 g dry algae,
which is approximately twice the value of 5.9 g lipids per 100 g dry algae reported by Converti et al. (2009) 
CONCLUSIONS
The overall yield of C. vulgaris grown in WC medium for most parameters measured was the lowest among the treatments; the highest cell density supported by the LC Oligo medium in relation to Chu 10 and WC resulted in overall higher system productivity in LC Oligo cultures. This confirms that LC Oligo can be a cheaper and cost effective alternative to the other media due to the absence of vitamins and EDTA. The biochemical composition of the biomass notably differed among the media, and in some cases significant differences were obtained. The best biomass in terms of high total carbohydrates and lipid production was obtained in Chu 10 and LC Oligo media. The higher proportion of polar lipids classes (AMPL -acetone mobile polar lipids and PL -phospholipids) obtained in Chu 10 medium can have positive effects for growth, immunological and physiological performance of herbivores that are fed on C. vulgaris.
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